• The search for alternative fiber resources is receiving worldwide attention for the potential role of these fibers in climate and forest restoration. Among bamboos, Bambusa balcooa is generally preferred for industrial use due to its rapid growth, excellent flexibility and tensile strength. The aim of this study is to establish a non-invasive and efficient method of screening superior fiber quality from the wild gene pool of B. balcooa.
INTRODUCTION
Bamboos, the giant members of the grass family, are often considered "green gold" for their economic importance and multipurpose utilization from "cradle to coffin." During the last two decades, bamboo has gained significant attention as a non-wood fiber resource. Bamboo fiber-based panels and boards are hard, durable and prove to be a promising substitute for hard woods in merchandise production. Moreover, bamboo fibers yield paper with a high tear index and almost the same strain strength as paper made from wood (FAO, 1997) . Bambusa balcooa is an abundant tropical species and is recognized as a priority bamboo species among eighteen other globally distributed bamboo species (Das et al., 2005) . In addition, with its rapid rate of regeneration, it can quickly restore forest flora and the pre-existing environmental milieu. B. balcooa is generally preferred for construction purposes and fiber-based mat board and panel fabrication (Ganapathy, 1997) ; primarily due to its mechanical strength, it is also used to produce quality paper pulp (Das et al., 2005) .
Unfortunately, comprehensive investigations toward proper evaluation of non-wood fiber sources of bamboo are limited (Liese, 1992; Parameswaran and Liese, 1976; Xu et al., 2006) . Therefore, in the present investigation, the fiber qualities of the wild gene pool of B. balcooa were analyzed using a rapid, simpler technique. A confocal microscopic method was also employed to identify the ideal developmental stages for fiber harvest. Our objective was to develop a rapid method for fiber quality assessment, which is essential for successful genetic diversity screening from the wild gene pool. Such protocols would also be useful for the judicious selection of raw bamboo materials for various commercial applications. In this investigation, we analyzed physical and chemical properties of fibers from representative accessions of B. balcooa from 12 locations. Bright field and Confocal Laser Scanning Microscopy (CLSM) were employed in a coherent manner to reveal detailed anatomical features of B. balcooa to understand the ontogeny of fiber sheaths from parenchymatous pith cells. A comparative study was performed among accessions of B. balcooa to estimate cellulose and lignin contents in sections of lignified fiber bundles in situ using suitable CLSM-based software following orthochromatic labeling with Congo red (CR) and acridine orange (AO). The results were correlated with results obtained from a biochemical assay of cellulose and lignin contents. This study provided a way to efficiently screen superior accessions from wild B. balcooa resources. The techniques employed here could be extended to other economically important bamboo species as well as to other non-wood plant sources for fiber quality assessment.
MATERIALS AND METHODS

Plant material
Wild habitats of Bambusa balcooa (Roxb.) across 12 locations of West Bengal in India were surveyed (Tab. I). Each location was represented by five randomly selected clumps (culms growing together). Five adult culms from each clump (25 accessions in total) of all selected locations were independently sampled (25 × 12 = 300 samples) for fiber isolation. The middle segment of the 5th internode was used as the experimental material for studying fiber characteristics, as it represents the average length of all internodes in a branch (Ververis et al., 2004) .
Isolation of fiber cells from the 5th internodes of B. balcooa
Small slivers were prepared by macerating internodes with 10 mL of 67% nitric acid, boiling the samples in a water bath for 10 min and washing samples thoroughly in distilled water (Ogbonnaya et al., 1997) . Individual fiber cells were mechanically isolated from macerated fiber bundles using a plastic churner, using appropriate care to avoid any damage. Measurements for fiber diameter, cell wall thickness and lumen diameter (fiber diameter: cell wall thickness) were performed for 25 fiber cells independently isolated from each internode. Altogether, 625 individual fiber cells (25 replications × 5 culms × 5 clumps) from each of the 12 locations (25 accessions per location) were characterized for 3 physical parameters. The following equations were used to derive these physical traits: slenderness ratio = fiber length/fiber diameter; flexibility coefficient = (fiber lumen diameter/fiber diameter) × 100; and Runkel ratio= (2 X fiber cell wall thickness)/lumen diameter (Ogbonnaya et al., 1997; Saikia et al., 1997) .
Light microscopic study of culm anatomy
Thin transverse hand-sections (approx. 80 μM thick) of the culm internodes were stained with Safranin O and Light green, followed by glycerol mounting to visualize the tissue organization. Isolated fiber cells were placed on a glass slide and stained with methylene blue solution (0.5%) and glycerin (1:1 v/v). The length, diameter, fiber wall thickness and fiber lumen diameter of isolated fiber cells (n = 625/location) were recorded using a light microscope and a standardized ocular micrometer.
Estimation of α-cellulose and lignin contents
The α-cellulose content was estimated using a colorimetric method based on anthrone reagent (Updegraff, 1969) . Approximately 1.0 g of internode tissues were crushed, mixed with 3 ml of nitric acid and acetic acid solution (1:8 v/v) and refluxed in boiling water for 30 min. Lignin, hemicellulose and xylosans were removed by successive washing followed by centrifugation. The resulting pellet was dissolved in 67% sulphuric acid (v/v), mixed with chilled anthrone reagent (HiMedia Laboratories, India), incubated for 20 min in boiling water followed by a quick chilling on ice and incubated again 611p2 Screening of superior fiber-quality-traits Ann. For. Sci. 67 (2010) 611 at ambient temperature for 10 min prior to assaying at 620 nm in a spectrophotometer (Beckman-Coulter, DU-520). α-cellulose content was estimated from the standard curve of a cellulose standard (Merck, Germany) and was expressed as the gram percentage of fiber dry weight (DW).
Acid-insoluble lignin content (Klason lignin) was determined according to the standard of the American Society for Testing and Materials (ASTM, 1996) . Three accessions were randomly chosen for estimation of α-cellulose and lignin contents for each location.
Confocal laser scanning microscopy (CLSM) of cell wall components
Fluorescence images of thin transverse sections of different (2nd, 4th and 5th) internodes of B. balcooa were captured using CLSM (TCS SP5; Leica, D-68165 Mannheim, Germany) and LAS AF (Leica Application Suite Advanced Fluorescence, 1.8.1) build 1390 software under an HCX PL APO objective (10X/NA 0.40) with a confocal pinhole set at "Airy" 5.50 and zoomed to a factor of 1.4X for improved 8-bit resolution. Autofluorescence of lignin and lignin precursor molecules were measured with a pinhole size of 5.5 airy disc to obtain the best signal from the samples at the lowest molecule concentrations. For exciting bamboo sections, a 405-nm Diode laser (50 mW) was used, with an emission bandwidth ranging from 440-460 nm (detector gain set at 1250 V) for blue fluorescence in a photomultiplier tube detector (PMT I) and between 525-535 nm (detector gain set at 1045 V) for green fluorescence in PMT II. Simultaneously, a 40% argon laser with AOTF for 458 nm (20 mW) was used to excite same sections, and red fluorescence emissions were collected between 640 and 700 nm with the PMT detector gain set at 100 V after passage through a triple dichroite TD 458/514/594. To optimize image quality, the offset was adjusted for a maximum range of fluorescence from 0 to 255 and zero mean amplitude for a non-fluorescing region in the field. To observe anatomical changes concomitant with fiber sheath development during culm maturation, sections of internodal regions at various stages were exposed under CLSM, and autofluorescence images of lignin, lignin precursors (such as ferulic acid) and other cell wall components were acquired at various excitation and emission ranges. Bright field and superimposed images of the sections were also taken for detailed comparisons.
Congo red staining of internodal sections
Thin transverse 5th internodal sections of B. balcooa from representative accessions of 12 locations were incubated in a 0.2% aqueous solution of Congo red (CR) (Merck, Darmstadt, Germany) overnight in the dark (Hommel et al., 2008) . The samples were then washed with deionized water, and images were acquired using CLSM with a confocal pinhole set at 'Airy' 1.0. A 30% Argon laser with AOTF for 514 nm (20 mW) was used for exciting CR-labeled samples, and red fluorescence emissions were acquired between 560 and 800 nm with the PMT detector gain set at 1100 V. Fluorescence was recorded after passage through a triple dichroite 458/514/594. After image acquisition, CR fluorescence intensities of fiber sheaths of all samples were quantified by LAS AF software, following instructions provided by Leica Microsystems, Germany. CaliBRITE TM 3 fluorescent beads for three colors (Cat# 340486, BD Biosciences, Singapore) were used as internal standards, and images were captured using a HCX PL APO objective (63X/NA 1.40) under the above stated conditions. Fluorescence intensities were measured at different time intervals.
Acridine orange staining of internodal sections and isolated fibers
Thin transverse 5th internodal sections and isolated B. balcooa fibers from representative accessions of 12 locations were treated with 10 −6 M acridine orange (AO) for orthochromatic labeling in the dark with gentle shaking for 1 h. The samples were then washed with deionized water, and images were acquired using CLSM with a confocal pinhole set at "Airy" 1.0. A 30% Argon laser with AOTF for 488 nm (20 mW) was used for exciting AO-labeled samples, and green fluorescence emissions were collected between 515 and 545 nm with the PMT detector gain set at 830 V. Fluorescence was recorded after passage through a double dichroite 488/561, and image quality was optimized by adjusting the offset for a maximum range. After image acquisition, AO fluorescence intensities of isolated fibers and fiber sheaths of all samples were quantified. CaliBRITE TM 3 fluorescent beads were used as internal standards.
Statistical analysis
Statistical analyses were performed using SPSS Statistics (ver. 17.0) software. The bivariate Pearson correlation coefficient (with two-tailed significance test) was computed between the fluorescence intensity data (obtained following CR and AO staining of cellulose and lignin, respectively) and the corresponding biochemical estimations.
RESULTS AND DISCUSSION
A microscopic study of B. balcooa culm anatomy
Transverse sections through B. balcooa internodes revealed the presence of numerous collateral vascular bundles surrounded by parenchymatous tissue with a central hollow region. Parenchymatous cells are small in the outer culm wall and become larger, especially in length, toward the inner part, becoming smaller again near the pith cavity.
Fibers are generally long, slender cells and are tapered at both ends; they are grouped together in sheaths or bundles. Several reports have dealt with the influence of bamboo fiber's length on culm strength and its pulping properties (Espiloy, 1987; Widjaja and Risyad, 1987) . Fibers are composed of sclerenchymatous tissue and occupy approximately 40% of the culm volume. Vascular bundles in the internodes of B. balcooa culm consist of one or two protoxylem elements, two large metaxylem vessels and phloem. There are a few layers of thick-walled sclerenchymatous cells surrounding the metaxylem vessels and two isolated fiber caps (sheaths) located at the phloem and the protoxylem side. This is referred to as the "double broken-waist type" (Figs. 1A, 1B ; Liese, 1987) . It is often combined with the "broken-waist type" of vascular bundle, where the fiber sheath at the protoxylem side is usually smaller than the other, or even absent (Fig. 1A) . 
Physical characteristics of B. balcooa fiber
The standardized maceration technique was useful for isolating intact, individual fibers from internodal tissues of secondary branches of adult bamboo culms. Derived slenderness ratios of isolated fibers from accessions of locations 3 and 4 were found to be higher (243.93 and 212.99, respectively) than those of other locations; meanwhile, the Runkel ratios were lowest in accessions of locations 3 (0.69) and 4 (0.80) and highest in location 5 (1.05) (Fig. 2) . The highest flexibility coefficients were found in fibers isolated from accessions of locations 3 (60.00), 4 (57.24) and 11 (57.14) of B. balcooa (Fig. 2) . The slenderness ratio or felting power is the physical indicator for fiber durability (Rydholm, 1965) . Fibers with enhanced slenderness ratios are more durable. Fibers with lower Runkel ratios (<1.0) are preferred for making quality products (Saikia et al., 1997) . The data indicate that except for accessions of locations 2 and 5, all other accessions yielded fibers with acceptable Runkel ratios. The flexibility coefficient was highest in accessions of location 3, 4 and 11 (Fig. 2) . The magnitude of fiber strength is usually proportional to this parameter. Interestingly, there are significant variations in physical fiber parameters within this species according to habitat. Evaluation of the three key physical traits indicates that the accessions of location 3 (closely followed by location 4) harbor fibers with the best physical characteristics.
Most woody tropical bamboos are hexaploid, including B. balcooa, in contrast to temperate bamboos, which are tetraploid. In cotton, allotetraploids produce higher quality fibers than the descendent diploid species (Lee et al., 2007) . It is possible that polyploid woody bamboos were selected in nature for having higher fiber strength compared to the diploid progenitors, which are perhaps extinct or on the verge of extinction.
Chemical characteristics of B. balcooa fiber
The principal cell wall material of fiber is cellulose; however, hard fibers of bamboo contain a high proportion of lignin in addition to cellulose. The α-cellulose content was highest in accessions of locations 3 (66.25% dw) and 4 (64.53% dw) and lowest in accessions of location 2 (51.72% dw). Lignin contents were relatively higher in accessions of locations 5 (27.93% dw), 6 (27.60% dw) and 7 (27.83% dw) of B. balcooa (Fig. 3) and lowest in accessions of locations 4 (17.97% dw) and 3 (20.23% dw). Total α-cellulose content was estimated spectrophotometrically by comparing samples with standards.
It has been shown that non-wood sources could be pulped in one-third of the time required to pulp their woody counterparts due to their lower lignin contents (Ververis et al., 2004) . Lignin needs to be extracted from pulp by expensive and environmentally hazardous processes that require large amounts of energy and chemicals for downstream processing. Consequently, it would be beneficial to process low-lignin source materials for the paper industry. Hence, low-lignin raw materials that require less hazardous processing chemicals and have effective production costs are ideal for paper-pulp industries. By contrast, a higher lignin content ensures enhanced culm strength. The presence of lignin confers mechanical strength to the vascular tissue and contributes to waterproofing of the conductive elements, thus ensuring proper fluid transport (Xu et al., 2006) . endowed with high cellulose contents could be used efficiently for high-quality paper-pulp production, and highlignin-containing genotypes could potentially be used as a reinforcing material for polymer matrix composites (Ray et al., 2004) and for construction purposes.
Probing lignin deposition during fiber development in internode maturity
Anatomical changes concomitant with fiber sheath development were studied in three developmental stages of internodes during the maturation of B. balcooa secondary branches, based on CLSM data (Figs. 4A-4D ). Stage I represents the 2nd internodal section, which is comparatively young, lignification of fiber cells was initiated, sclerenchymatous cells surrounding proto and metaxylems were autofluorescent, emitting blue fluorescence at 440-460 nm wavelength after excitation at 405 nm (Fig. 4A) . Lignification was much higher at the 5th internodal sections (Fig. 4, Stage III) . Autofluorescence of lignified cell walls has been reported previously, and the intensity was visually detected as being higher than the fiber cells (Fergus and Goring, 1970a; 1970b) . Distinct molecular species within the lignin polymer, such as phenylcoumarone and stilbene structures, were considered to be the sources of lignin fluorescence (Albinsson et al., 1999) .
Lignin deposition occurs at the final stages of xylem cell differentiation and in the case of dicotyledonous plants, it takes place during secondary thickening of the cell wall (Donaldson et al., 2001) . By contrast, in graminaceous monocotyledons, lignin incorporates significant amounts of hydroxycinammate esters at the early stages of lignification. Of these, ferulate-polysaccharide esters and minor amounts of p-coumarate analogs are deposited rapidly (Boerjan et al., 2003) . It is now well established that CLSM detects laserinduced lignin fluorescence from diverse cellular components (Barsberg and Nielsen, 2003; Donaldson et al., 2001) . Cell wall-bound ferulic acids emit blue-green fluorescence in graminaceous monocots and other plants (Harris and Hartley, 1976; Lichtenthaler and Schweiger, 1988; Schmitz et al., 1996) , while fluorescence in the xylem vessel wall is due to the presence of lignin (Schmitz et al., 1996) .
When the same sections were excited at 458 nm with an Argon laser or a 405-nm blue diode laser and emissions were collected at 640-700 nm, strong red autofluorescence of chlorophyll was evident in non-fibrous-parenchymatous cells, demarcating the fiber bundles (Fig. 4B , Stages I-III). Chlorophyll fluorescence increased along with the maturation of internodes. An association between an increase in size of fiber bundles and internode maturation was also evident in bright field (Fig. 4C ) and superimposed images (Fig. 4D) . In general, lignin deposition is higher in the middle lamella and cell corners than in fiber cell walls (Baucher et al., 1998; Saka and Goring, 1985) . However, because it occupies a larger portion of the fiber cells, higher lignin content was found in fiber sheaths than in xylems. This finding suggests that CLSMbased autofluorescence could be used as a fiber developmental stage selection marker for analogous molecular investigations.
Cellulose estimation by a non-invasive method
Comparative values of cellulose contents among different accessions of B. balcooa were estimated by a non-invasive method, CR labeling and fluorescence measurement using CLSM. CR, a fluorescent dye, is well known for binding specifically to cellulose fibrils. The fluorophore binds to β 1-4, glucans, and staining is strongly dichroic (Verbelen and Kerstens, 2000; Wood, 1980) . Cellulose deposition starts at the corners of parenchymatous pith cells and middle lamellar regions of sclerenchymatous cells. Fluorescence emissions of CR-labeled fiber bundles of internodal regions were quantified by CLSM. Fluorescence intensities of fiber bundles collected from all locations were less than those of the accessions from locations 3 and 4 (Supplementary 1 Fig. S1 and Fig. 5 ). This finding demonstrated the presence of comparatively higher fluorescence intensity in high-cellulose-containing accessions. This finding further confirms the proposition that CR specifically labels cellulose fibrils, in agreement with previous observations (Verbelen and Kerstens, 2000) . Pearson's correlation coefficient between fluorescence values obtained across samples is supported by the data obtained from biochemical analyses (0.936, P 0.01), which suggests good agreement between the two methods (invasive vs. non-invasive) of cellulose estimation in bamboo fiber (Fig. 5) .
Lignin estimation by a non-invasive method
Here, we report a rapid method of comparative lignin estimation based on orthochromatic labeling by AO (Li and Reeve, 2005) . AO usually fluoresces at two distinct wavelengths after excitation, a phenomenon is known as metachromasia. AO forms dimers or polymers when combine with lignin as a substrate (Rost, 1992) . At higher concentrations, AO induces self-quenching. We optimized the orthochromatic labeling of AO by standardizing the effective concentration of AO as well as the time of exposure to the fluorochrome (Supplementary 1 Fig. S2 ). Metachromatic labeling for semiquantitative analysis has been discouraged previously (Li and Reeve, 2005) . Emission of green fluorescence of AO-labeled fiber bundles from internodal transverse sections and isolated fibers was measured by LAS AF software and was found to be higher in accessions from locations 5, 6 and 7, while accessions from locations 3 and 4 had the lowest estimated fluorescence levels (Supplementary 1 Fig. S3 and Fig. 5 ). Acridine orange has been used widely to assess wood pulp lignification (Li and Reeve, 2005) and has recently been used to probe lignin biosynthesis in cell suspension cultures of Ginkgo biloba (Uzala et al., 2009) .
Fluorescence emissions of AO-labeled fibers (data not shown) and those of fiber bundles of internodal regions were quantified by CLSM. The lowest fluorescence intensities of isolated fibers and fiber bundles were found for accessions of locations 3 and 4 (Supplementary 1 Fig. S3 and Fig. 5 ). This finding demonstrated the presence of comparatively higher fluorescence in high-lignin-containing accessions, as AO specifically labels lignin molecules (Li and Reeve, 2005) . The fluorescent data are also in agreement with the data obtained from biochemical analyses (Fig. 5 ).
CONCLUSIONS
Here, we have established a useful method for evaluating fiber quality in a non-wood plant species. A number of industrially important fiber qualities were found in the wild germplasms of B. balcooa. This investigation also describes the utility of CLSM-based information to identify defined stages of fiber development in bamboo. Our study lays the groundwork for future research that will utilize similar CLSM-based approaches to rapidly and efficiently screen wild germplasms of other non-wood resources. 
